In this study, a Y target was sputtered in radio frequency (rf)-excited, rare gas discharges (Ne, Ar) containing0%-40% 0 2 ,operatedatcathodevoltagefrom -l.Oto -1.7 kV. In situ optical emission spectrometry was used to monitor two neutral excited Y atom transitions (A. = 0.6191, 0.6793 ,urn) and an excited 0 atom transition (A= 0. 7774 pm) as a function of changing process parameter. Films were grown on fused Si0 2 substrates, and their crystallography, optical behavior, and electrical resistivity was determined. A "phase diagram" for Y -0 not grown under conditions of equilibrium thermodynamics was constructed, and included hexagonal Y, cubic Y 2 0 3 , and Y and Y 2 0 3 that had no long range crystallographic order. Two direct optical transitions across the energy band gap of cubic Y 2 0 3 , at 5.07 and 5.73 eV, were identified. Combining discharge diagnostics, growth rate, and film property results, it was concluded that Y 2 0 3 was formed at the substrate concurrent with the complete oxidation of the target surface. Even after target oxidation, the discharge contained atomic Y. On the basis of fundamental optical absorption edge characteristics, cubic Y 2 0 3 that more closely resembled the bulk material was obtained when the Y -oxide molecule/Y atom flux to the substrate was high.
I. INTRODUCTION
The purpose of this study is to investigate process parametergrowth environment-film property relationships for the reactive sputter deposited Y -0 materials system. Films were prepared by sputtering a Y target using 0 2 -bearing discharges. The transition from Y to Y 2 0 3 growth was studied as a function of three process parameters: ( 1) the cathode voltage, ( 2) the 0 2 content of the sputtering gas, and ( 3) the type of rare gas used in conjunction with 0 2 • These parameters can be independently varied, and combined, they determine other important parameters such as discharge power and growth rate.
The experimental program included optical emission spectrometry for in situ discharge diagnostics. Two optical transitions of the neutral Y atom from a low-lying excited state to the ground state were used to monitor the Y atomic population in the discharge as a function of changing process parameter. In addition, an optical transition of the neutral 0 atom was used to monitor target surface oxidation. The film properties that were investigated are crystallography, visible-near-ultraviolet optical behavior, and electrical resistivity.
Thin film yttria is of interest as a capacitor material and although there have been only a few reports of its fabrication, these reports cover a wide variety of techniques including post-deposition oxidation of Y films, 1 • 2 physical vapor and inductively coupled plasma deposition using a Y 2 0 1 powder source, 3 · 6 and rf-and ion-beam sputter deposition from a Y 2 0 3 target 7 ' 8 Reactive sputter deposition using a metal target and an 0 2 -bearing discharge is an important method for near room temperature metal-oxide film growth. We hope that the results presented below will enable other investigators to reproducibly grow yttria films with desired properties by this method.
II. EXPERIMENTAL PROCEDURE
Films were grown in a radio frequency (rf) diode sputter deposition apparatus. A 13 em diameter99.8% Y target was thermally bonded to a water-cooled Cu cathode. Supersil fused silica substrates were placed on a water-cooled Y -coated Cu pallet covering the anode. The anode-cathode spacing was 7 em.
The chamber was evacuated to < 5 X 10 7 Torr with a liquid N 2 -trapped, hot Si-base oil diffusion pump and backfilled with the sputtering gas to a total pressure of 1 X 10 2 Torr. The sputtering gas consisted of a rare gas, Ne (99.996%) or Ar (99.999% ), containing from 0% to 40% 0 2 (99.99% ). Each component was separately admitted into the chamber using an MKS Instruments Baratron Series 260 pressure/flow control system. Two presputters preceded each deposition. The first presputter was carried out in pure rare gas for 30 min, and its purpose was to remove the oxide layer that had formed on the target surface upon exposure to air. The second presputter was carried out in the rare gas-0 2 mixture used to deposit the film and its purpose was to allow time for discharge and target surface reactions to reach dynamic equilibrium. The movable shutter that covered the substrates was then removed and the films were deposited according to the conditions listed in Table L Values of cathode voltage from -1.0 to -1.7 kV peak-to-peak were used. The anode was kept at ground potential.
A model HR320 Instruments SA optical spectrometer with 1200 and 2400 groove/mm holographic gratings capa- blc of0.05 nm resolution was used for in situ optical emission diagnostics of the discharge. Radiation emitted from theregion between the anode and cathode was sampled as a function of wavelength through an optical window with a transmission cutoff of0.32 p.m. The window was shuttered when not in use, and was also periodically removed from the chamber and its transmission characteristics were checked by spectrophotometry to monitor and correct for intensity changes caused by coating with sputtered flux in the course of the experiment. respectively, are not directly related through the statistical weight of each level and the Boltzmann factor. However, if the discharge is optically thin, 10 changes in n ( Y*) are directly proportional to changes in J(Y*) and can be used to estimate changes in n(Y 0 ).
11 Emission from neutral atomic 0, A. = 0. 777 4 f.liD, was used to detect the presence of oxygen in the discharge. 12 Film thickness x was measured postdeposition with a Tencor Alpha-Step 200 model profilometer. The growth rate, G, was determined from this measurement. Electrical resistivity p was measured using a four-point probe. Crystallography was determined by double-angle x-ray diffraction (XRD) using Cu Ka radiation (/i. = 0.154 18 nm). A Perkin-Elmer Model330 UV-visible-IR double beam spectrophotometer with a specular reflection attachment was used to determine the transmittance T and reflectance R of near-normal incident radiation. Measurements were made in laboratory air at room temperature. The absorption coefficient a was calculated from
Ill. RESUlTS AND DISCUSSION Film thickness, growth rate, and resistivity are recorded in Table I Figure 1 shows the There is a direct dependence of a7. onE for both transitions, as shown in Fig. 3 , indicating direct transitions. 13 Extrapolation of the data in Fig. 3 to a= 0 yields Eg 1 = 5.07 eV and With respect to discharge characteristics, the optical emission intensity from Y* atoms is recorded in Table IIL All values are relative to the intensity of the transition in a pure rare gas discharge operated at the same cathode voltage. There apparently is a resonance between theY transition at 0.6191 pm (2.006 eV) and a strong 0 transition at 0.6157 pm (2.017 eV) that enhances I(Y(f 6191 ) in Ne-0 2 discharges under some conditions, as indicated in Table III , and these data are not representative of a change n(Y 0 ).
The relative arrival rate A is also included in Table III . This quantity is the growth rate relative to its value in a pure rare gas discharge operated at the same cathode voltage corrected for the difference in density between Y ( 4.47 g/cm 3 ) and Y 2 0 3 (5.01 g/cm 3 ) when applicable. Bulk values for density are used here. It is well known that the metal target surface reacts with oxygen during reactive sputtering and the sputtered flux will consist of both metal and metal-oxide species. The relative arrival rate is assumed here to be pro~ portional to the flux ofY to the substrate both in atomic form and bonded to 0 in a gaseous Y -oxide molecule of unknown chemistry.
Using a comparison of I ( Y*) and A in Ar-0 2 discharges operated at -1.5 and -1.7 kV as an example, we can define three types of behavior as the sputtering gas 0 2 content is increased. Type I: I(Y*) decreases faster thanA as 2% 0 2 is added to the discharge, indicating that some form of Yoxide is being formed at and sputtered from the target surface as a molecule, along with atomic Y. Films grown under Type III behavior occurs in Ar-0 2 discharges containing :>2%0 2 operatedat -1.3kV,andinNe--40%0 2 operated at -1.5 kV. Type II behavior occurs in Ne-0 2 discharges operated at all values of Vc for gas 0 2 content between 2 and 20% 0 2 • Type II behavior represents a relatively large metal flux associated with an oxidized target surface, which can come about either by dissociation of the Y -oxide at the target surface upon sputtering, or by dissociation of the sputtered gaseous Y -oxide molecule in the negative glowo With respect to process parameters, high cathode voltage, low gas "Relative to the value in a pure rare gas discharge operated at the same value of V: .. 0 2 content, and Ne rather than Ar as the rare gas component encourages Type II behavior. The latter result is in contrast to findings for the Zr-0 system, 16 in which the use of Ne reduced the metal/metal oxide flux in the negative glow. Clearly, Nc is acting upon oxidized Y either at the target surface or in the negative glow in a much different way than it acts upon oxidized Zr. This interesting phenomenon will be an area for future research.
IV. SUMMARY
Reactive sputter deposition ofY andY 2 0 3 films using a Y target and 0 2 -bearing discharges was studied as a function of three process parameters: cathode voltage, discharge 0 2 content, and type of rare gas used in conjunction with 0 2 • In situ optical emission spectrometry was used to monitor changes in the Y and 0 atomic population in the negative glow as a function of changing process parameter. The range of parameters over which hexagonal Y, cubic Y 2 0 3 , andY and Y 2 0 3 structures with no long range crystallographic order were deposited was determined. Two direct optical transitions across the energy band gap of c-Y 2 0 3 , at 5.07 and 5.73 eV, were identified. Combining discharge diagnostics, growth rate, and film property results, it was concluded that Y 2 0 3 was formed at the substrate concurrent with the complete oxidation of the target surface. Furthermore, based on fundamental optical absorption edge characteristics, c-Y 2 0 3 that more closely resembled the bulk material was obtained when theY --oxide/Y flux to the substrate was high.
